Hepatic P450 monooxygenase activities, assessed by measurement of 7-alkoxycoumarin O-dealkylase (ACD) activities, show obvious daily fluctuations in male rats with high values during the dark period and low values during the light period. We have already confirmed that the ACD activities are controlled by the suprachiasmatic nucleus (SCN), which is well known as the oscillator of circadian rhythm. Recently, it is reported that circadian oscillators exist not only in the SCN but also in peripheral organs. To date, it is unclear which circadian oscillators predominantly drive the daily fluctuations of hepatic ACD activities. To address this question, we examined the effects of restricted feeding, which uncouples the circadian oscillators in the liver from the central pacemaker in the SCN, on the daily fluctuations in hepatic ACD activities in male rats. Here we show that restricted feeding inverts the oscillation phase of the daily fluctuations in hepatic ACD activities. Regarding the hepatic P450 content, there were no fluctuations between the light and dark periods under ad libitum and restricted feeding conditions. Therefore, it is considered that the daily fluctuations in hepatic ACD activities are predominantly driven by the circadian factors in peripheral organs rather than by the oscillator in the SCN directly.
In most organisms on earth, many physiological processes exhibit daily rhythms under the control of an endogenous circadian timing system called the circadian clock (1) . In mammals, the central pacemaker is located in the suprachiasmatic nucleus (SCN) 2 of the hypothalamus (2, 3) . The SCN, which consists of ϳ20,000 neurons, receives light signals via the retino-hypothalamic tract to entrain the central oscillator to the environmental light-dark cycle (4 -6) . The intracellular circadian oscillations rely on multiple clock genes forming a transcription/translation-based negative feedback loop (4, 5) . Two basic helix-loop-helix-PAS (Period-Arnt-Single-minded) transcription factors, CLOCK and BMAL1, activate the transcription of three Period genes (Per1, Per2, and Per3) and two Cryptochrome genes (Cry1 and Cry2) by interacting with enhancer elements termed E boxes. The resultant PER and CRY proteins inhibit the CLOCK-BMAL1-dependent transcriptional activation, closing the negative feedback loop. Circadian oscillators exist not only in the SCN but also in peripheral organs such as the liver, heart, and kidney (7, 8) . The oscillation phases of the peripheral oscillators are entrained by the central oscillator in the SCN directly and indirectly via neural, humoral, and other signals (4, 5, 9) . Feeding signal elicits entrainment cues that act specifically on the peripheral oscillators such as the liver but are ineffective for resetting the time of the central oscillator (10, 11) . Therefore, restricted feeding during the light period can completely uncouple the peripheral oscillators from the central oscillator in nocturnal rodents such as rats and mice.
The metabolism and elimination of xenobiotics is mainly mediated by cytochrome P450 enzymes (EC 1.14.14.1), aided by conjugative enzymes and transport proteins (12) . Many hydrophobic compounds are biotransformed into more hydrophilic metabolites through the mixed-function oxidase system. P450 enzymes constitute a superfamily of heme-thiolate enzymes that are expressed throughout the phylogenetic spectrum (13) . This superfamily of P450 enzymes has been well characterized in rats, and the majority of the enzymes are present in families CYP1 to CYP4 (14, 15) . The monooxygenase activities of these P450 enzymes can be evaluated totally as 7-alkoxycoumarin O-dealkylase (ACD) activities (7-methoxycoumarin O-dealkylase (MCD), 7-ethoxycoumarin O-dealkylase (ECD), and 7-propoxycoumarin O-dealkylase (PCD) activities, respectively) due to the low isoform specificity of the substrates (16) . The ACD activities in the liver show obvious daily fluctuations in male rats with high values during the dark period and low values during the light period (17) (18) (19) . The daily fluctuations in the hepatic ACD activities are completely eliminated in SCNlesioned rats (18) . In addition, the daily fluctuations are observed not only under ad libitum feeding conditions but also under fasting conditions (17) . These results indicate that the central oscillator in the SCN controls the daily fluctuations in hepatic ACD activities. However, it is unclear from these results whether or not the daily fluctuations in hepatic ACD activities are directly driven by the central oscillator in the SCN.
To address this question, we examined the effects of restricted feeding during the light period on the daily fluctuations in hepatic ACD activities in male rats. In addition, we investigated the effects of restricted feeding on the gene expression profiles of periodic genes in the liver to understand the underlying mechanism using microarray.
MATERIALS AND METHODS
Animal Handling and Sample Preparation-Male F344/DuCrj rats (n ϭ 30) aged 7 weeks were purchased from Charles River Japan, Inc. (Kanagawa, Japan). The animals were caged individually in an animal room controlled at a room temperature of 23 Ϯ 3°C, relative humidity of 55 Ϯ 15% and ventilated 10 -15 times/h with 12 h light/dark cycles (ZT, zeitgeber time; ZT0, light on; ZT12, light off). For 7 days before the start of the restricted feeding regimen, all the animals were allowed free access to tap water and a solid feed (Certified Rodent Diet 5002: PMI Nutrition International, Inc., Tokyo, Japan) sterilized by radiation (irradiated with a 60 Co-␥-ray of 30 kGy). The animals were assigned to two groups (n ϭ 15/group) 3 days before the start of the restricted feeding regimen. On the day of group allocation, the animals were weighed and assigned to each group so that the group means and variances for body weight were almost equal. Fifteen animals of one group were reared under ad libitum feeding conditions, whereas 15 animals of the other group were reared under 8-h restricted feeding conditions (feeding time: ZT2 to ZT10) for at least 8 consecutive days. The restricted feeding conditions were selected with reference to the report (10) . Free access to water was given throughout the study. Body weight and daily food consumption were measured to examine the effects of the 8-h restricted feeding regimen. Finally, six animals in each group were sacrificed at ZT6 and ZT18. The left lateral lobes of the liver of each animal were dissected and immediately frozen in liquid nitrogen. The liver samples were stored at about Ϫ80°C until use. All animal procedures were approved by the Animal Care and Use Committee of Sankyo Co., Ltd.
Measurements of ACD Activities and P450 Content-The thawed liver samples were mixed with 1.15% potassium chloride of 3-fold volume of the sample and homogenized on ice. The homogenate was centrifuged at 9,000 ϫ g for 20 min at 4°C, and the supernatant fraction was further centrifuged at 105,000 ϫ g for 1 h at 4°C. The obtained precipitate was suspended with 1.15% potassium chloride of equal volume of each supernatant and centrifuged at 105,000 ϫ g for 1 h at 4°C again. The resultant precipitate was resuspended with 1.15% potassium chloride containing 20% glycerol of equal volume of each supernatant and used as the microsomal fraction. 7-Methoxycoumarin, 7-ethoxycoumarin, and 7-hydroxycoumarin were purchased from Aldrich. The 7-propoxycoumarin was synthesized as previously described (20) . Using these substrates, the MCD, ECD, and PCD activities were measured in the microsomal fractions by the method of Matsubara et al. (20) . The P450 content and protein concentrations in the microsomal fractions were determined by the methods of Omura and Sato (21) and Lowry et al. (22) , respectively.
Microarray Analysis-Total RNA was isolated from the liver sample using the RNeasy mini kit (Qiagen, Valencia, CA). The RNA samples were prepared from six animals sacrificed at each time point (ZT6 and ZT18) in each group. They were pooled using equal amounts from each animal to make a total of 5 g of RNA. The pooled samples were used as starting material. The cDNA was synthesized using the one-cycle cDNA synthesis kit (Affymetrix Inc., Santa Clara, CA). The biotin-labeled cRNA was transcribed using the GeneChip expression 3Ј-amplification reagents for in vitro transcription labeling (Affymetrix Inc.). Labeled cRNA was hybridized to GeneChip rat expression array 230A (Affymetrix Inc.) at 45°C for 16 h. The array was washed and stained using Fluidics Station (Affymetrix Inc.) and scanned with a GeneArray scanner (Hewlett-Packard, Palo Alto, CA). The microarray imaging data were analyzed with Microarray Suite version 5.0 (Affymetrix Inc.), followed by Spotfire (Spotfire, Somerville, MA). In the comparison analysis between two arrays, we eliminated the transcripts, which had been assigned a difference call of "no change." The thresholds of Signal Log Ratio for up-regulation and down-regulation were set at 1 and Ϫ1, respectively. These correspond to a fold change of Ͼ2 for up-regulation and Ͻ2 for down-regulation, respectively. We excluded transcripts whose Detection was "absent" in all the experimental data sets.
Quantitative Real-time PCR-TaqMan real-time PCR (23, 24) was conducted individually for selected genes to confirm the microarray analysis data. The total RNA was treated with DNase I (Takara, Shiga, Japan) in the manufacturer's buffer to which was added RNase inhibitor (Toyobo, Osaka, Japan) for 20 min at 37°C. After the phenol-chloroform purification, the DNA-free total RNA was reverse-transcribed into first-strand cDNA using Superscript II (Invitrogen) in the manufacturer's buffer supplemented with 10 mM dithiothreitol, 0.5 mM deoxyribonucleoside triphosphates, and 40 units of RNase inhibitor (Toyobo). Quantitative real-time PCR reactions were performed using quantitative real-time PCR Mastermix Plus (Eurogentec, Philadelphia, PA) on an ABI Prism 7500 (Applied Biosystems, Foster City, CA). The following probes and primers were designed using ABI PrimerExpress software (Applied Biosystems): for P450 oxidoreductase, 5Ј-CCCCTTCGATG-CTAAGAATCC-3Ј (forward), 5Ј-CGCTCAGTGCCTTGGTTCA-3Ј (reverse), and 5Ј-TTCCTGGCTGCTGTCACCGCC-3Ј (probe); for Per2, 5Ј-AGCATCCAGTCCTGTTTTCTTTAGA-3Ј (forward), 5Ј-A-TCGCACAAACTCTGAGAGCTTATT-3Ј (reverse), and 5Ј-CACGG-GTGTCCTGAGACTTTCTCTATTTGAAACT-3Ј (probe); for Cyp7a1, 5Ј-CGCCCTAGCGACTGGATTAG-3Ј (forward), 5Ј-GGCC-CCAGCTATGTGAACAC-3Ј (reverse), and 5Ј-AGAACTTTGTTCT-CGCTGCCCACATTCC-3Ј (probe); and for Dec1, 5Ј-GCTTCCAGG-AAACCATTGGA-3Ј (forward), 5Ј-GGCTAGGAAGCTGGGCTTC-T-3Ј (reverse), and 5Ј-TCAGCTCCCAAACCCGTGGAC-3Ј (probe). All probes were 5Ј-labeled with 6-carboxyfluorescein and 3Ј-labeled with 6-carboxytetramethylrhodamine. The program was 50°C for 2 min and 95°C for 10 min, with amplification in 40 cycles of 95°C for 15 s and 60°C for 1 min. Glyceraldehyde-3-phosphate dehydrogenase (primers and probes from Applied Biosystems) was used as an endogenous control.
Statistical Analysis-Results are expressed as mean Ϯ S.D. The homogeneity of variance was estimated by the F-test; and significant difference of the mean value was evaluated by the Student's t test (for homogeneous data) or the Aspin-Welch's t test (for heterogeneous data) (25) . Statistical analysis was performed with SAS System version 6.1.2 (SAS Institute Inc.). The 5% level of probability was considered to be significant.
RESULTS
Body Weight and Daily Food Consumption-Being nocturnal, rats prefer to consume food during the active dark period if reared under a 12-h light-dark cycle and ad libitum feeding conditions. Therefore, an 8-h restricted feeding regimen during the light period only is a nonphysiological condition for rats. We examined the effects of an 8-h restricted feeding regimen (feeding time: ZT2 to ZT10) on body weight and daily food consumption. As expected, the restricted feeding significantly suppressed body weight (Fig. 1A) and daily food consumption (Fig. 1B) . Suppressed daily food consumption gradually recovered during the 1-week restricted feeding, although significant differences were still detected on Day 7 (Fig. 1B) .
Day/Night Fluctuations of Hepatic ACD Activities-In male rats fed ad libitum, the hepatic ACD activities show obvious daily fluctuations with high values during the dark period and low values during the light period (17) (18) (19) . Consistent with the previous reports, the hepatic MCD, ECD, and PCD activities during the dark period were significantly higher than those during the light period in the ad libitum fed rats ( Fig.  2A) . In contrast, the hepatic ACD activities during the dark period were lower than those during the light period in rats exposed to the restricted feeding, and the ECD and PCD activities showed significant differences (Fig. 2B) . Regarding the hepatic P450 content, there were no fluctuations between the light and dark periods in rats reared under ad libitum or restricted feeding conditions (Fig. 2C) .
Gene Expression Profiling-To identify transcripts whose signal intensities show day/night fluctuations, we compared an array in the dark period (as an experimental array) with one in the light period (as a base-line array) under each of the feeding conditions. In this comparison analysis, we extracted transcripts whose fold change between the light and dark periods is greater than 2 for up-regulation and less than 2 for down-regulation under each of the feeding conditions. Under the ad libitum feeding conditions, 118 transcripts were up-regulated and 104 transcripts were down-regulated in the dark period as compared with the light period. Under the restricted feeding conditions, 103 transcripts were up-regulated and 135 transcripts were down-regulated in the dark period as compared with the light period. When analyzing microarray data, the Venn diagram is a useful visualization tool to indicate the extent of overlap between multiple experiments (26) . The number of transcripts whose day/night fluctuations were not inverted by restricted feeding was only 1 expressed sequence tag (GenBank TM accession number AY724532) (Fig. 3A) . In contrast, transcripts whose day/night fluctuations were inverted by restricted feeding were 72 (overlapping transcripts) in total number (Fig. 3B) . However, there is a possibility that these 72 transcripts included transcripts whose transcriptional phases were moderately shifted but not inverted by restricted feeding. Therefore, a further robust sorting was needed to extract transcripts whose day/night fluctuations were completely inverted by restricted feeding. For this purpose, we further compared an array for restricted feeding conditions (as an experimental array) with one for ad libitum feeding conditions (as a base-line array) under each lighting condition. In this comparison analysis, we extracted transcripts whose fold change between ad libitum and restricted feeding conditions is greater than 2 for up-regulation and less than 2 for down-regulation under each lighting condition. In the light period, 153 transcripts were up-regulated and 157 transcripts were down-regulated by restricted feeding. In the dark period, 85 transcripts were up-regulated and 110 transcripts were down-regulated by restricted feeding. Following this, transcripts whose expression levels were inverted by restricted feeding were 79 (overlapping transcripts) in total number (Fig. 3C) . Finally, we compared the 72 previously extracted transcripts with the 79 newly extracted transcripts to select transcripts whose day/night expressions were completely inverted by restricted feeding. As a consequence, 50 overlapping genes (58 transcripts) were extracted as genes whose day/night fluctuations in their transcriptional levels were completely inverted by restricted feeding ( Table 1) . The Gene Ontology Consortium data base was used to assign the molecular function of the extracted genes.
TaqMan Real-time PCR Confirmation of Microarray Data-To confirm the microarray data, mRNA expression levels were quantified by TaqMan real-time PCR analysis for four selected genes (P450 oxidoreductase, Per2, Cyp7a1, and Dec1). These mRNA levels showed significant day/night fluctuations whose oscillation phases were completely inverted by restricted feeding (Fig. 4, A-D) . Fold changes observed were similar between microarray data and real-time PCR data. Therefore, the results of the microarray data were validated.
FIGURE 1. Effects of 8-h restricted feeding regimen on body weight (A) and daily food consumption (B)
. Under a 12-h light-dark cycle, rats were fed ad libitum or during the light period only (ZT2 to ZT10). Data represent the mean Ϯ S.D. (n ϭ 15) (E, ad libitum; Ⅺ, restricted feeding) from the previous day (Pre) of the restricted feeding regimen to Day 7 or 8. **, p Ͻ 0.01 versus ad libitum fed control rats (Student's t test). ##, p Ͻ 0.01 versus ad libitum fed control rats (Aspin Welch's t test). FIGURE 2. Hepatic ACD activities in rats reared under ad libitum and restricted feeding conditions. A shows hepatic ACD activities under ad libitum conditions. B shows hepatic ACD activities under restricted feeding conditions. C shows hepatic P450 content under ad libitum and restricted feeding conditions. Light and dark columns represent the values in the light period (ZT6) and the dark period (ZT18), respectively. Data represent the mean Ϯ S.D. (n ϭ 6). **, p Ͻ 0.01 versus the values in the light period of the same feeding conditions (Student's t test). ##, p Ͻ 0.01 versus the values in the light period of the same feeding conditions (Aspin Welch's t test).
DISCUSSION
In male rats fed ad libitum, the hepatic ACD activities show obvious daily fluctuations with high values during the dark period and low values during the light period (17) (18) (19) . The daily fluctuations are under the control of the central oscillator in the SCN, since SCN lesions completely eliminate the fluctuation while shifting feeding conditions from ad libitum to fasting dose not (17, 18) . The objective of the present study was to examine whether or not the daily fluctuations in hepatic ACD activities are directly driven by the circadian oscillators in the SCN. Restricted feeding during the light period uncouples the peripheral oscillators from the central oscillator in nocturnal rodents (10, 11) . Therefore, we examined the effects of restricted feeding during the light period on the daily fluctuations in hepatic ACD activities in male rats.
Restricted feeding significantly suppressed body weight and daily food consumption. However, suppressed daily food consumption gradually recovered during the 1-week restricted feeding. The 1-week restricted feeding inverted the oscillation phase of the day/night fluctuations in hepatic ACD activities. However, there were no day/night fluctuations regarding the P450 content. There were 50 periodic genes whose day/night fluctuations were completely inverted by restricted feeding, whereas there were no meaningful periodic genes whose day/ night fluctuations were not inverted by restricted feeding. This finding, in and of itself, does not demonstrate that hepatic ACD activities are under the control of any clock, central or peripheral. It only means that hepatic gene expression patterns change with feeding not with central circadian oscillations. However, our previous data demonstrate that SCN lesions abolish the daily fluctuation in hepatic ACD activities and that the ACD activities continue to oscillate based on the circadian clock when animals are fasted (17, 18) . The latter finding is of particular importance because it shows that clock genes, not feeding, control the expression of metabolic enzymes in the liver. Therefore, the results in the present study suggest that the daily fluctuations in hepatic ACD activities are predominantly oscillated by the circadian factors in the peripheral organs rather than by the oscillator in the SCN directly.
We have previously reported that growth hormone plays an important role in the regulation of the daily fluctuations in hepatic P450 monooxygenase activities (19) . Ghrelin, produced in the stomach, is the peptide hormone that stimulates feeding as well as release of growth hormone from the anterior pituitary (27) (28) (29) (30) . Therefore, ghrelin may be one of important regulators in the daily fluctuations of hepatic P450 monooxygenase activities. The clock gene expression in the liver may relay information from the SCN via the blood-borne signals to control expression of the hepatic genes involved in energy metabolism. A conditional knock-out of a hepatic clock gene should be a useful technique to understand the mechanism.
As described in the review (31), it appears that the apex of organ activity corresponds with the apex of the circadian oscillator activity. The oscillation phases of day/night gene expressions for the clock and clock-controlled genes such as Per2, Dbp (32) , and Dec1 (33) were completely inverted in the liver by the restricted feeding. The gene ontology analysis revealed that most of the genes that underwent complete reversal are involved in metabolism. In particular, genes associated with the major liver functions, including xenobiotic metabolism, regulation of blood glucose, and bile formation, show day/night fluctuations in their transcriptional levels which can be completely inverted by restricted feeding. First, the liver is the major site of xenobiotic metabolism. Xenobiotic metabolism is divided into two broad categories: phase I (oxidation, reduction, and hydrolysis) and phase II (conjugation reactions with sulfate, glucuronic acid, glutathione, acetate, and glycine). The P450 enzymes are involved in phase I metabolism, and glutathione is involved in phase II metabolism. P450 oxidoreductase (EC 1.6.2.4) and the catalytic subunit of glutamate-cysteine ligase (EC 6.3.2.2) exhibited day/ night fluctuations in their transcriptional levels, and their oscillation phases of gene expression were completely inverted by the restricted feeding regimen. P450 oxidoreductase is the protein responsible for electron transfer from NADPH to the cytochrome P450 monooxygenases (34) . Therefore, the day/night fluctuation of P450 oxidoreductase, the redox partner of P450 monooxygenases, may be one of important causes of the daily fluctuations of hepatic ACD activities. Glutamatecysteine ligase is the rate-limiting enzyme in glutathione biosynthesis. Glutathione is an important intracellular peptide that participates in many critical cellular functions including antioxidant defense (35) . Second, the liver plays a major role in regulation of blood glucose. Several 
TABLE 1
Genes whose day/night fluctuations in their transcriptional levels were completely inverted by restricted feeding 
Ϫ2.6
Bile acid biosynthesis NM_012942 Cytochrome P450, family 7, subfamily a, polypeptide 1 (Cyp7a1) genes involved in glucose homeostasis exhibited day/night fluctuations in their transcriptional levels, and their phases of gene expression were inverted by the restricted feeding regimen. They included glucokinase, glucokinase regulatory protein, the catalytic subunit of glucose-6-phosphatase, and insulin-induced gene 2. Glucokinase (EC 2.7.1.1), a member of the hexokinase family, plays a key role in glucose utilization by stimulating glycolysis and glycogen synthesis in the liver. The activity of hepatic glucokinase is negatively regulated by protein-protein interaction with glucokinase regulatory protein, which is competitive with glucose (36). Glucokinase is increased after feeding and is decreased by fasting (37) . In contrast, glucose-6-phosphatase (EC 3.1.3.9), which catalyzes the last step of gluconeogenesis, is induced by fasting and repressed by insulin, whose levels are increased in the post-prandial state (38). In addition, insulin-induced gene 2 is selectively down-regulated by insulin (39) . Consistent with these findings, the transcriptional day/night fluctuation of glucokinase was observed in antiphase to those of glucokinase regulatory protein, the catalytic subunit of glucose-6-phosphatase, and insulin induced gene 2 in the present study. Third, the liver is the major site of bile formation. Bile acids act as effective detergents necessary for the digestion and intestinal absorption of hydrophobic nutrients. CYP7A1 (EC 1.14.13.17), a liver-specific enzyme, is the initial and rate-determining enzyme in the classical synthetic pathway of bile acids (40) . It is well established that bile acid synthesis and the expression of CYP7A1 show obvious daily rhythms with high values during the dark period in rats maintained on a 12 h light/dark cycle (40, 41) . In the present study, CYP7A1 exhibited the day/night fluctuations in the transcriptional level, and the oscillation phase of gene expression was completely inverted by the restricted feeding regimen.
Our data suggest that the daily fluctuations in hepatic P450 monooxygenase activities are predominantly driven by the circadian factors in the peripheral organs and not directly by the oscillator in the SCN. Recently, it was suggested that the circadian clock gene network plays an important role in energy balance (42) . Further investigations will clarify the link among circadian gene networks, behavior, and metabolism in detail. 
